dimensional flow fields (see below). Besides others, one versatile approach for modeling three-dimensional 
eled porous medium according to the local flow velocities were investigated. We also compared the experimental data with ties. At each timestep, new local free and sorbed concenthe three-dimensional particle tracking model PARTRACE, which trations are calculated from the particle positions.
uses the experimental flow field as input.
Models like PARTRACE are quite capable of describing even very complex interactions between flow and chemical heterogeneity but have high demands on I nvestigation and modeling of transport processes computing resources. To achieve accurate modeling of in heterogenous porous media are of great interest experimentally observed transport it is most important (Roth et al., 1999) in environmental science. Very-well to have a good understanding of the underlying proexplored and popular methods to describe the solute cesses and the heterogenous structure of the medium. transport through a porous structure are models like the This process understanding, and at least the statistical one-dimensional convection dispersion equation (CDE) distribution and geostatistical correlations of the strucand the one-dimensional Richards equation (Adler, tural information, enable flow models like TRACE to cal-1992). These formulate the transport of nonreactive and culate accurate flow fields. The presented MRI method reactive tracers employing average values of the soil provides access to the local heterogenous flow velocities parameters: porosity, flow velocity, hydraulic conductivin transport direction at a sufficiently high resolution. ity, and dispersivity. The averaging process can either
To benefit from the full potential of three-dimenbe done in space by finding a representative elementary sional modeling it is desirable to conceive adequate volume (REV) or by ensemble averaging (Dagan, 1986) .
three-dimensional experiments with a fine spatial resoThe determination of the averaged model parameters is lution. Another profit from such three-dimensional exonly possible by performing experiments on the respecperiments is the knowledge of processes on a pore scale, tive scale. A deeper understanding of the basic processes which will serve as the basis for statistical analysis. One leading to the mentioned averaged parameters on the very promising technique is the (nuclear) magnetic resolaboratory scale is only possible by modeling and correnance imaging (MRI, see Callaghan, 1991) , which has sponding experimental investigations with a fine spatial been developed in the last two decades mainly for mediresolution (Roth et al., 1999; Feyen and Wiyo, 1999) . cal applications. It allows nondestructive and nonintruPromising novel approaches, which are available by sive three-dimensional studies in aqueous media. Due to high-speed computing, are three-dimensional models the increased availability of MRI systems, it has become that take into account the heterogenous structure of possible to utilize this method for studying porous media porosity, water flow, and possible chemical reactions.
in a stationary state as well as for monitoring their flow These models may be based either on simple statistical properties (Oswald et al., 1997) . These experiments proproperties (mean value, higher moments), geostatistics vide both the possibility of determining the proton dendescribing their temporal and spatial correlation on fracsity (e.g., of H 2 O) directly, and determining the concental models according to the soil model in question tration of suitable tracer substances by their influence (Nitzsche and Merkel, 1999) , or directly measured threeon the magnetic resonance properties of 1 H. It is also possible to study the movement (convection, dispersion) of the protons (respectively the water molecules) as shown, for example, by Sedermann et al. (1997) . The objective of this study is firstly to visualize the motion of a tracer in porous media of two different pore sizes (quartz sand and glass beads) on the laboratory scale with high spatial and temporal resolution using MRI. Secondly, the three-dimensional flow field is obtained from the tracer motion and thirdly statistical properties of the flow field are calculated and used to determine mean flow properties. The validity of the approach is checked by three-dimensional modeling using PARTRACE, based on the obtained velocity field.
EXPERIMENTAL SETUP
The experimental setup is shown in Fig. 1 . A polymethyl methacrylate column (18 ϫ 5 cm) was used. It was filled with produced by a chromatography pump. To remove small air bubbles, which tend to collect at the filter plates and in the (RF) pulse of frequency and circular polarization in the y-z matrix, the water was routed through a degasser, as shown in plane (perpendicular to the external B → 0 field), they will be the schematic overview (Fig. 1) . A 20-mL pulse of Ni 2ϩ tracer turned synchronously away from the x axis towards the y-z can be injected into the flow and for recording breakthrough plane. The angle by which the magnetization is rotated is curves a fractional collector was available at the outflow. The usually called the flip angle. Once flipped away from the x column, located in the MRI scanner, was connected by 10 m axis, the nuclear spins will precess synchronously and in phase of Teflon tubing (1/16″ inner diameter) to the pump and to with the Larmor frequency . This is a macroscopic rotating the fractional collector. magnetization of the sample, which can be detected by a radio The porous media we used included: (i) fine grained quartz antenna as the magnetic resonance response signal (after desand (Teco-Sil Fused Silica, Ϫ50 ϩ 100, approximately 80% modulation also known as free induction decay). Once the 100 mesh (150 m) and 15% 140 mesh (100 m); C-E Minerals, radio signal is switched off, the x component M x of the sample Greeneville, NC), which was carefully cleaned by subsequent magnetization will relax back to the equilibrium state along washing in diluted acid and water, and (ii) regular glass beads the x axis (for a 90Њ flip angle) according to: of 2 mm diameter, which were also carefully cleaned in water.
We chose Ni(NO 3 ) 2 , at a concentration of 4 mmol L Ϫ1 , for the nonreactive tracer. Due to its strong paramagnetism, Ni
has a sufficiently strong influence on the 1 H magnetic resonance relaxation properties at these relatively low concentrawhere M 0 is the equilibrium magnetization in x direction and tions and was thus very convenient for monitoring the water T 1 is the spin-lattice relaxation time. flow. The column was conditioned with a solution of Mg(NO 3 ) 2 To monitor the water motion the protons ( 1 H) of the water with an adjusted pH ϭ 5.0 and a density close to the one of molecules are probed by MRI. The presence of the paramagthe Ni 2ϩ solution. We used a Siemens Magnetom Vision 1.5T netic Ni 2ϩ ions decreases T 1 of the water protons inversely (Siemens AG, Erlangen, Germany) MRI scanner with a static proportional to the Ni 2ϩ concentration (Grant and Harris, magnetic field of B → ϭ 1.5 Tesla, in which the column was 1996). To detect this change in T 1 a specialized T 1 weighted placed inside a head coil.
fast low angle shot (FLASH) sequence was used. The main concept of FLASH is a fast repetition (T R ϭ 14 ms in our case) of RF pulses, which rotate the magnetization only by a
MAGNETIC RESONANCE IMAGING
small flip angle (we use 10Њ), followed by a fast readout of TECHNIQUE AND DATA ANALYSIS data. Some preparation RF pulses (inversion recovery), which cause the sample magnetization M → to approximately vanish
Magnetic Resonance Imaging Sequence
for pure water, are used to achieve the T 1 weighting before The tracer experiments used the nuclear magnetic resothe 10Њ FLASH RF pulses; see Haase et al. (1986) for a detailed nance effect of nuclei, which are subjected to a strong magnetic description. For this short repetition time T R ϭ 14 ms the data field B → 0 along the x axis (see Callaghan [1991] for a general acquisition time is even shorter and the signal loss due to introduction). (In MRI the convention is to use z as the B 0 dephasing of the spins as well as to spin-lattice relaxation can direction, but we wanted to stay consistent with the soil science be neglected. The response signal I to each of these 10Њ RF convention, where the flow is along the z axis.) Since all nuclei pulses is then approximately proportional to the magnetizahave a small magnetic moment (spin angular momentum), tion M x directly before the RF pulse: they act as a gyroscope under the force of the external field B → 0 with the precession or Larmor frequency ϭ ␥B 0 , where
␥ is the gyromagnetic moment of a given nucleus. After a certain relaxation time the nuclei are in an equilibrium parallel to the x axis. If the nuclei are subjected to a radio frequency With the proportionality:
we find:
The logarithm ln(I 0 Ϫ I ) of the intensity of the response signal is therefore linearly dependent on the Ni 2ϩ concentration C Ni . The constant parameter is an empirical constant obtained from the calibration curve (not shown). This calibration curve also shows the linear relation according to Eq. [4] down to a concentration of C Ni ϭ 0.02 mmol L
Ϫ1
. The detection limit is below 0.01 mmol L Ϫ1 .
Calculated breakthrough curves (Fig. 2, bottom) for transversal slices of the column at different axial (z ) positions show a slight loss of total integrated logarithmic signal intensity dilution below the detection limit. However, the change of the total integrated logarithmic signal intensity inside the column is less than 10%. This small signal loss has no significant effect on the detected front position, because the applied front detection algorithm (see below and Fig. 3 ) is sensitive to the sharp rise of the concentration above the background noise. 
Data Analysis Fronttracking
The obtained data from the nuclear magnetic resonance (NMR) scanner are intensity values corresponding to Ni 2ϩ concentration in real space. These can be used directly for two-dimensional (sections) or three-dimensional (isosurfaces) graphical visualization of the tracer distribution and motion.
It is known that Ni 2ϩ is subject to sorptive retardation in glass and quartz sand media depending on pH. Typically the pH-dependent sorption of hydrolizable metal ions like Ni 2ϩ at dispersed oxides show a s-shaped isotherm. For example, Kosmulski et al. (1999) found that for the binding of Ni 2ϩ to silica, whose reactive surface is chemically similar to that of quartz and glass, this s-shaped adsorption edge started at pH Ն 7. Therefore, we performed these experiments at pH ϭ 5 to prevent sorption. Figure 2 (top) shows that the actual detected front movement has the same mean flow velocity (0.0158 mm s Ϫ1 ) as is imposed on the system by the chromatography pump tracer monitoring a fronttracking algorithm is used (Fig. 3) .
due to dispersive broadening of the breakthrough curves. The total
The actual front position is found by searching for a signal rise integrated concentrations exhibit a slight decrease with transport
at each x-y position above a threshold, which is approximately distance. The concentration loss due to detection limits is less 50% above the background noise. To exclude artifacts, the than 10%.
second criterium for the front position is that this increase of the intensity persists for more than three voxels. For a flow in z direction the z positions z t and z tϩ⌬t of the tracer front at times t and t ϩ ⌬t are calculated from the raw data for each point in the x-y plane. This allows us to define the z component v z of the velocity v → at the position (x, y, z t ) as:
where ⌬t is chosen so that ⌬z տ 5 mm (3 voxels). If we assume further a stationary flow field for a constant overall flow, the velocity v z is not dependent on time. Repeating this for all positions (x,y,z ) leads to complete three-dimensional information on the z component of the velocity field. For the usage of the flow field in PARTRACE simulations, all three components of the flow in each voxel are needed and the flow velocity field has to be free of divergence, which where is the fluid density. Since in saturated conditions the water in the column is incompressible this simplifies to:
sponding to a Peclet number of Pe ϭ 110. The immobile
water fraction is approximately 5%.
or, integrated over a volume (slab) according to Gauss' law: Figure 5 shows sections and isoconcentration surfaces for the Ni 2ϩ ions in the quartz sand column at three out over time, so the tracer front stays quite smooth;
With this constraint a quite simple scheme will lead to a velocity field that satisfies Eq. [8] . To avoid edge problems with the cylindrical geometry of the column, a box-shaped part of the column, n x ϫ n y ϫ n z data points, is chosen and in a first step the flow through every x-y plane is calculated and all v z values of that plane are scaled so that the plane average is the same as the overall flow average to enforce Eq. [8] . Then the first plane (i z ϭ 1) is chosen, and starting in one of the corners (i x ϭ i y ϭ 1), the known boundaries and the already known flows from and to the neighboring volumina are calculated (Fig. 4) . This, for each voxel, results in a flow balance ⌽ i x ,i y ,i z from which the two unknown border flow velocities v x ϭ v y are calculated. At the end of every row the flow in x direction is known from the wall boundary and the voxel flow balance ⌽ n x ,i y ,i z will be ascribed to the flow in y direction. At the far corner (i x ϭ n x , i y ϭ n y ), the flow balance ⌽ n x ,n y ,i z should be zero. This criterion is used to check the validity of the procedure.
RESULTS AND DISCUSSION Quartz Sand Column
The porosity, or the water content at saturation, respectively, for the quartz sand column is determined by weighing the dry and the fully saturated column as ϭ model to the experimental breakthrough curve, corre- , and 9.8 ϫ 10 3 s. We see a rather smooth flow pattern and only slight wall effects. By studying an animation of all timesteps we can recognize small fluctuations at the front, which average out over time.
refer to http://www.fz-juelich.de/icg/icg-iv/ch/people/ 5% immobile water. This determined distribution is in good agreement with results from other flow velocity khherrmann/tracerfilms.html (verified 26 Sept. 2001) for more information.
studies (Sedermann et al., 1997 (Sedermann et al., , 1998 . For the simulation with PARTRACE the whole colThe probability distribution of the calculated velocities, using the fronttracking algorithm described in Data umn is not used, only a box-shaped part located completely inside the column. The result of the tracer transAnalysis, above, corresponds with a log-normal distribution with an accumulation of very low velocities ( Fig.  port simulation (Fig. 7) resembles strongly the monitored transport pattern. This indicates the validity of the simu-6). This indicates stagnant or immobile water, which was already detected by fitting a mobile-immobile CDE lation approach as well as the validity of the extraction of flow parameters by the fronttracking algorithm. model to the breakthrough curve, yielding a fraction of Statistical Analysis proportional to the concentration (see Eq.
[4]), is taken. By calculating the variance of the concentration plume Another access to the dispersion coefficient D is given for every timestep, and taking the slope as the time deby analyzing the statistical moments of the tracer conrivative, we find that for the quartz sand column D eff z ϭ centration (Freyberg, 1986; Kabala and Sposito, 1991, 2.0 ϫ 10 Ϫ2 mm 2 s Ϫ1 . Since the CDE model is in this 1994):
parameter range insensitive to small variations of D, there is a very good accordance between the laboratory scale D
D, determined by the CDE model, and the one calculated from the mm-scale tracer concentration variance. where z 0 is the center of the tracer plume and C 0 the total tracer concentration. To calculate the concentraFor further statistical description of the flow properties, covariograms are used and correlation lengths are tions, the logarithm of the MRI intensities, which is calculated. The covariance is calculated by using the program GSLIB (Deutsch and Journel, 1992) according to:
using the expectation values:
where h → is the difference vector between two positions, z(u length in the other transversal direction x (not shown) was also 1 mm. The correlation length in transport direction z was found to be 2 mm (also not shown). As expected, the correlation length was 10 to 15 times greater in a porous medium. The spatial resolution and concenthan the mean particle size of the porous medium.
tration sensitivity is quite sufficient to monitor the flow even for highly diffusive or dispersive flows, which cause
Glass Bead Column
a high dilution of the tracer. For sufficiently regular flows the fronttracking algorithm is capable of extracting the The porosity, or the water content at saturation, for z component of the velocities from the tracer motion. the glass bead column was ϭ 0.4. The average pore
The statistical properties, a log-normal distribution with velocity was V pore ϭ 1.5 ϫ 10 Ϫ2 mm s Ϫ1 . A section and some additional stagnant water, are sensible and in acisoconcentration surface of the glass bead column is cordance with other velocity-determining experiments. shown in Fig. 9 . A large difference for the finer grained
The simple algorithm to calculate the x and y compoquartz sand column is immediately obvious: The flow nents of the velocities proves to be sufficient to use pattern in the glass bead column is highly irregular and the v → field as input for the three-dimensional particle dispersive, showing pronounced preferential flow as well as stagnant areas. The center part of the column shows tracking model PARTRACE. The obtained results for almost no tracer, which indicates that flow predomia flow simulation with PARTRACE are in good agreenantly takes place in the finger-like structures of the outer ment with the original experimental data. parts of the column. There also develop three fingerBy statistical momentum analysis of the concentralike areas of stagnant water (tracer). See http://www. tion, a laboratory scale quantity (D eff z ) could be related fz-juelich.de/icg/icg-iv/ch/people/khherrmann/tracerfilms. directly to the mm-scale flow properties for the porous html (verified 26 Sept. 2001) for an animation of the media used in this experiment. The strong divergence transport.
of the glass bead column, which can already be seen in An analysis with the fronttracking algorithm is not the flow pattern, is quantified by the momentum analysis. possible, since a large area of the column (center area) Geostatistical correlation analysis leads to correlation does not show a discernible front line at all times. For lengths that characterize the spatial structure of the pothis reason, neither the velocity field nor the statistical rous medium. The correlation lengths can be used for properties of the velocity are calculable. However, by a better statistical generation of porous media in coman analysis of the spatial moments (Eq. [9]), we find puter models. the dispersion coefficient to be D nents directly would make the crude scheme to gain the v x and v y components dispensable. This will be achieved differences between the reactive and the nonreactive system. Also, the influence of adsorbed nickel on the by using diffusion-sensitive sequences and phase-encoding sequences parallel to the tracer experiments. Further T 1 relaxation time of the water hydrogen nucleus would give direct access to sorption processes and their effect insight in transport processes could be gained by repeating the same tracer experiment at a higher pH value on the nickel transport. The nickel-quartz system is very suitable for this comparison experiment, since the (pH Ͼ 7) at which the nickel should have a strong adsorption to the quartz sand or glass matrix. Important reactivity of the system can be adjusted by simply changing the solution pH. further transport properties can be derived from the
